Physically unidirectional motion of short-lived random dot arrays was found to perceptually decompose into two motion components (velocity decomposition) in a configuration in which two squares appear to partially overlap transparently (surface decomposition). In the experiments in which the velocity of the short-lived random dots in the overlapping area was varied, both the velocity decomposition and the surface decomposition were found to be strongest when the velocity of the overlapping area was close to the vector sum of the velocities of random dots in adjacent nonoverlapping areas. On the other hand, neither velocity decomposition nor surface decomposition was found either when random dot arrays were put in occlusion configurations or when continuous random dots were used. While previous studies have indicated a one-way influence either from motion to form processing, or from form to motion processing, the present study further suggests that there is a strong reciprocal interaction between motion and form processing. A possibility is that the reciprocal interaction is iterative so that the representations for velocity and surface decomposition are gradually formed. © 1997 Elsevier Science Ltd
INTRODUCTION
It has been suggested that visual motion processing includes two stages of analysis (Adelson & Movshon, 1982; Movshon et al., 1985; Snowden et al., 1991) . The first stage is supposed to measure local components of motion. In the second stage, the locally measured signals interact and are integrated if they are regarded as properties of a single object; for example, when two moving gratings overlap and appear to be a "plaid" rather than the two separate gratings (Adelson & Movshon, 1982) .t The cells that respond to the motion direction of the plaid were found to be in the medial temporal area (MT) (Movshon et al., 1986) . Another line of evidence also supports the two-stage model. Snowden et al. (1991) used a stimulus in which two sets of random dots moving in opposite directions are superimposed. This stimulus produces the percept of two sheets of dots moving through one another. They found that the cells in V1 respond to the transparent stimulus. However, cells in MT produce poor responses to the transparent stimulus, suggesting cross-directional inhibition. These findings *Department of Psychology, Boston University, 64 Cummington Street, Boston, MA 02215, U.S. A. [Email: takeo@bu.edu] . tHow these locally measured velocities are integrated is controversial (see Adelson & Movshon, 1982; Burke & Wenderoth, 1993; Gorea & Lorenceau, 1991; Mingolla et al., 1992; Yo & Wilson, 1992) .
are in accordance with the two-stage model in that the motion components locally measured in V1 interact in MT. Although this two-stage model has made a great contribution to understanding early motion processing, it considers only feedforward processing within the motion module. However, recent anatomical studies found that there are massive reciprocal projections between different cortical areas (De Yoe & Van Essen, 1988) . In order to gain a better understanding, motion processing should be examined from the viewpoint of visual processing as an interaction of interdependent processes (e.g., Grossberg, 1997; Grossberg & Mingolla, 1985; Koch & Davis, 1994; Stoner & Albright, 1992; Watanabe & Miyauchi, 1997) .
Recently, the influence of surface decomposition cues on motion has been revealed by means of psychophysics and physiology (for a review, see Stoner & Albright, 1993) . Motion perception is found to be strongly influenced by transparency and occlusion configurations that are made either by monocular cues alone (Watanabe & Cole, 1995; Stoner et al., 1990; Tse et al., 1997) or by the conjunction of monocular cues and appropriate binocular disparity (Kooi et al., 1992; Trueswell & Hayhoe, 1993; Nakayama & Shimojo, 1992) . Activities of directionally tuned neurons have been found to be influenced by monocular transparency cues (Stoner & . This configuration is known to produce surface decomposition. Albright, 1992) or by surface decomposition generated by binocular disparity (Bradley et al., 1995) . Influences of motion on form have also been found. Motion can strengthen object segmentation (Shipley & Kellman, 1993) .
While these studies have successfully shown that there is information flow between motion and form processing, each study has shown the flow in only one direction. Thus, it is still not clear whether these two-way flows work reciprocally to produce a unified representation or representations consistent with each other.
Indeed, several studies have shown the possibility of the reciprocal interactions between other types of processing. Takeichi et c~l. (1992) have shown demonstrations that suggest reciprocal facilitation between illusory contours and "far" binocular disparity. Trueswell & Hayhoe (1993) have also found interdependency of binocular disparity and transparency cues for form. However, to the author's knowledge, there is little evidence showing reciprocal interactions between motion and form processing.
In the current study, a novel phenomenon is introduced that can be regarded as the result of a strong reciprocal interaction between motion and form processing. In this phenomenon, a physically unidirectional motion is perceived to be decomposed into two component motion directions. Figure 1 (A) is a physical velocity map of the display. It consists of short-lived random dots moving simultaneously in three different directions in three different regions--a central square and two flanking rotated "L" shapes. In this case, the velocity of the dots in the central square appears to be decomposed into two component velocities; one identical to the velocity of the dots in the upper "L" and the other identical to the velocity of the dots in the lower "L", as illustrated in Fig.  I(B) . Thus, this phenomenon will be referred to as "velocity decomposition".
Velocity decomposition is usually accompanied by a related, but distinguishable phenomenon referred to as "surface decomposition". In surface decomposition, instead of the three regions---one central square and two "L"s--being perceived, two large squares appear to be overlapped in the central square. Since surface decomposition is known to occur even with the outline figure with X junctions [ Fig. 1 (C) ] (see Cavanagh, 1987) , form processing (or boundary contour processing, see Grossberg & Mingolla, 1985) may be mainly involved in the surface decomposition.
In order to confirm the occurrence of velocity and surface decomposition, ten na~'ve subjects observed the stimulus shown in Fig. I(A) when the fixation point was presented either 0 or 4.5 deg above the center of the stimulus. When the fixation point was presented 4.5 deg above the center, all ten subjects reported that they perceived velocity decomposition and surface decomposition. On the other hand, when the fixation point was presented at the center, five subjects perceived velocity decomposition and surface decomposition. The remaining five perceived neither velocity decomposition nor surface decomposition.
An examination of the relationship between velocity decomposition and surface decomposition may reveal the nature of the interaction between motion processing and form processing. Experiments 1-4 examined the effects of the velocity of the dots in the central square on velocity decomposition and surface decomposition. Experiments 5-6 examined whether transparency configuration is necessary for both surface decomposition and velocity decomposition to occur. The results of these experiments suggest that there is a strong reciprocal interaction between motion processing and form and other kinds of processing to produce representations consistent with each other. 
Stimuli
Figure I(A) represents a typical stimulus used in this experiment. The dot speed in the two "L"s was a constant 1 deg/sec. The speed and/or the direction of the dots in the central square were varied in each experiment. The density of the random dots constituted 5% of the number of possible pixels in the three areas. Individual dots appeared for about 70.0 msec and then disappeared, to be replaced by others at random locations. The luminances of the dots and the homogeneous background were 0.5 and 38.0 cd/m 2, respectively. Black dots were presented on a white background. The radius of each dot was approximately 2.4 arc sec.
Procedure
In each trial, a fixation point was presented for 1 sec, at either 0 or 4.5 deg above the center of the central square of the display. This was followed by the test stimulus. The fixation point remained at the same location as before. One second after the onset of the test stimulus, both the test stimulus and the fixation point were replaced with a set of arrows, each of which pointed in one of 16 different directions ranging from 0 to 337.5 deg in 22.5 deg steps, where 0, 90.0, 180.0, and 270.0 deg represent upward, rightward, downward and leftward motion directions, respectively. The subjects were instructed to choose the single arrow that most appropriately represented the apparent motion direction of the dots in the central square, by moving a cursor to the arrow and clicking the computer mouse button. The subjects were not asked to choose more than one arrow, in order to avoid them inferring that they were expected to see velocity decomposition.
GENERAL METHOD

Subjects
Three subjects were employed in the experiments of this study. One is female (KW) and the remaining two were male (KS and TM). While KS served in all the experiments, KW and TM served in Experiments 1-4 and Experiments 5-7, respectively. All the subjects were naive to the purpose of the experiments. Each had normal or corrected-to-normal visual acuity (Snellen 20/20) and normal color vision (no errors on the Ishihara test).
Materials
The stimuli were presented on a color video display
EXPERIMENT 1: EFFECTS OF MOTION DIRECTIONS OF THE RANDOM DOTS IN THE CENTRAL SQUARE
The purposes of Experiments 1-3 were to determine what motion conditions are necessary for velocity decomposition and to establish a quantitative index of the strength of velocity decomposition.
In Experiment 1, the effects of the motion direction of the dots in the central square on velocity decomposition were examined. In each trial, the motion direction of the dots in the central square was chosen from the following 10 directions; 0. 0, 22.5, 45.0, 67.5, 90.0, 135.0, 180.0, 225.0, 270.0, and 315 .0 deg. The speed of the dots was a constant 1.4 deg/sec. Ten trials per direction were shown to each subject. The order of the presentation of the 10 directions and two loci of the fixation point was quasirandomly determined. the error rate lor motion direction of the dots in the central square is significantly high; and (2) the subject chooses two motion directions almost equally often.
EXPERIMENT 2: CONTROL EXPERIMENT
The difference between 0 and 22.5 deg, 22.5 and 45.0 deg, 45.0 and 67.5 deg, and 67.5 and 90 deg is 22.5 deg. On the other hand, the amount of difference between the closest motion directions outside this range of motion directions in Experiment 1 was 45 deg. This factor might have lowered the accuracy for 22.5, 45.0 and 67.5 deg, as compared with the other directions because discriminating over a 22.5 deg difference might be more difficult than discriminating between two motions with a 45.0 deg difference.
In order to check this possibility, the dots in the two "L" shapes were programmed to move randomly in Experiment 2. The other aspects of the procedure of Experiment 2 were identical to those in Experiment 1.
Results
No significant differences in accuracy were found for any motion direction of the dots in the central square at either 0 or 45 deg eccentricity, for either subject although the correct percentage scores for the 22.5, 45, and 67.5 deg motion directions were slightly lower than the scores for the other motion directions. This suggests that the reduction of the percent correct scores in Experiment I for the 22.5 and 67.5 deg stimuli was not due to the mere difficulty of motion discrimination in these directions. In addition, the results of Experiment 2 suggest that the velocities of the dots in the two "L"-shaped areas played an important role in the velocity decomposition observed in Experiment 1.
Figure 2 shows response accuracy for the physically correct direction of motion of the random dots in the central square. Both subjects showed a significant dip in accuracy for 22.5, 45.0 and 67.5 deg motion. An analysis of subjects' responses at these directions is shown in Fig.  3 . For the 45 deg physical motion direction, they chose 0 and 90 deg about equally frequently. This may be because for random dots moving at 45 deg, the subjects actually perceived 0 and 90 deg motion directions at the same time. Since they had to choose only one motion direction, they chose one of the two randomly. This is in accordance with the subjects' verbal reports after the experiment. On the other hand, for 22.5 deg, the subjects chose 0 deg more frequently, and for the 67.5 deg, they chose 90 deg more frequently. The same tendency was found for 0 deg eccentricity, although the subjects chose the 45deg physically true motion direction more frequently, as shown in Fig. 2 .
Given these findings, velocity decomposition is assumed in the remaining experiments as long as: (1)
EXPERIMENT 3: THE EFFECT OF THE SPEED OF THE RANDOM DOTS WITHIN THE CENTRAL SQUARE ON VELOCITY DECOMPOSITION
In Experiment 3, the speed of the random dots in the central square was varied (0.35, 0.7, 1.4, 2.8 and 5.6 deg/ sec) in order to examine the optimal speed of the random dots for velocity decomposition. The motion directions of the random dots were also varied in three steps from 0 to 90 deg (0.0, 45.0 and 90.0 deg). The other aspects of the procedure were identical to those of Experiment I.
Results
For the 0 and 90 deg motion directions, the percentage of correct answers was almost 100%, regardless of speed. For the 45 deg motion direction, the percentage of subjects responding at 0 or 90 deg is shown in Fig. 4 Together with the results of Experiment 1, this finding implies that velocity decomposition occurs most often when the velocity of the dots in the central square is around the vector sum* of the velocities of the dots in the two "L" shapes. Since the subjects reported that the *Velocity decomposition were examined with several combinations of velocities. The vector sum rule seems to be true only when the directions of the velocities of the dots in the two "L"s are equal to or less than 90 deg, although further examination is necessary to draw a more precise conclusion. In this paper, for the sake of simplicity, the vector sum under this restriction is just called the vector sum. decomposed velocities are identical to the velocities of the dots in the two "L" shapes, these results can be further interpreted as indicating that velocity decomposition occurs most often when the velocity of the dots in the central square is around the vector sum of the decomposed velocities.
EXPERIMENT 4: EFFECTS OF MOTION DIRECTION ON SURFACE DECOMPOSITION
The purpose of Experiment 4 was to examine if surface decomposition is constantly coupled with velocity decomposition. The experimental procedure was identical to that of Experiment 1, except that a test stimulus was not followed by the arrows. Instead, the subject was instructed to indicate whether one or two surfaces were seen in the central square by pushing one of the two keys on the keyboard. As soon as the subject pushed a key, a new trial started. Results Figure 5 shows that the probability of the subject's perceiving one surface was lowest when the random dots in the central square moved in the 22.5, 45.0 and 67.5 deg directions, with around 45 deg producing the least likelihood. On the other hand, the probability was substantially higher when the dots moved in any of the other motion directions.
These results indicate that when the motion direction of the random dots in the central square was around 45 deg, in addition to velocity decomposition, surface decomposition occurred. That is, the motion conditions necessary for velocity decomposition are also necessary conditions for surface decomposition. There are two possibilities to explain this coincidence. One is that surface decomposition occurs as a result of velocity decomposition. The other possibility is that surface decomposition is also a necessary condition for velocity decomposition.
EXPERIMENT 5: THE EFFECT OF AN OPAQUE SURFACE INDUCED BY T JUNCTIONS
Experiment 5 examined whether velocity decomposition is observed in a configuration that does not usually induce surface decomposition, but that could preserve the same or similar interactions between neighboring local The experiments presented thus far have used a configuration that induces surface decomposition, even if it is made up only of lines, as shown in Fig. I(C) (e.g., Cavanagh, 1987) . In Experiment 5, a different configuration was used in which the central square was not decomposed into two surfaces, but appeared to be opaque so as to occlude the neighboring incomplete "squares", as shown in Fig. 6 . The size of the central squares and the length of the borders between the central square and the Motion Direction FIGURE 8. The results of the "velocity decomposition" test in Experiment 5, in which the subject was instructed to choose the physically correct motion direction of the random dots in the central square. The percentage of trials in which the subject chose correct motion directions is plotted as a function of the motion direction of the random dots in the central square, for both eccentricities and small and large central squares.
"L"s across which the dots move in two different directions cannot be the same between the transparency figure, as shown in Fig. I(A) and the occlusion figure, as shown in Fig. 6(A) . Thus, two figures of the occlusion configuration were used as shown in Fig. 6 (B, C). . Two tests were conducted for each of the two figures--a "surface decomposition" test and a "velocity decomposition" test. The procedure of the "velocity decomposition" test was identical to that of Experiment 1, including the instructions to the subject to choose a single motion direction for the random dots in the central square. The "surface decomposition" test was identical to that of Experiment 4, including the instructions to indicate whether one or two surfaces were seen in the central square.
Results Figure 7 shows the results of the "surface decomposition" test. Irrespective of the motion directions of the dots in the central square or the central square size, subjects rarely reported two surfaces in the central square. Figure  8 shows the results of the "velocity decomposition" test. The accuracy for the 22.5, 45.0, and 67.5 deg motion directions in Fig. 8 were substantially higher than those for the corresponding directions in Experiment 1 (Fig. 3) . This indicates that the likelihood of the occurrence of velocity decomposition was much lower in the occlusion configuration of the present experiment than that in the transparency configuration used in Experiment 1. Figure  8 also shows that the correct percentage scores for the motion directions of 22.5, 45.0 and 67.5 deg were slightly lower than the scores for the other motion directions. This may be because the small 22.5 deg difference between the closest motion directions in the range between 22.5 and 67.5 deg directions made the discrimination of these motion directions more difficult than the 45.0deg difference between the closest motion directions outside the range. Thus, the slightly lower scores for the 22.5, 45.0 and 67.5 deg motion directions in the "velocity decomposition" test may not be attributed to motion decomposition. Therefore, the results of the two tests suggest that a transparency configuration is necessary, not only for surface decomposition but also for velocity decomposition.
EXPERIMENT 6: THE EFFECT OF AN OPAQUE SURFACE DEFINED BY BINOCULAR DISPARITY
So far, we have seen that surface decomposition is determined by monocular configurations. In Experiment 6, the test stimulus was modified so that surface decomposition was influenced by binocular disparity.
In Experiment 6, "near" binocular disparity (20 rain) was introduced to both the upper "L" shape and the 2886 T. WATANABE central square so that they appeared to be in the same depth plane, while the lower "L" shape and the background appeared to be behind the upper ++L" shape and the central square, as illustrated in Fig. 9 . The subject viewed the stimuli through a mirror haploscope that was placed 57.3 cm from the display. A pair of test stimulus patterns was presented side by side on the same display so that with the haploscope, the pattern presented on the right side of the display was projected to the right eye and the pattern on the left side of the display was projected to the left eye.
The other aspects of the experimental procedures were identical to those in Experiment 5.
Results
The results were very similar to those in Experiment 5. For the "surface decomposition" test, subjects rarely reported two surfaces in the central square. For the "velocity decomposition" test, the correct percentage scores for the 22.5, 45.0, and 67.5 deg motion directions were substantially higher than those for the corresponding directions in Experiment 1 (Fig. 3) . Therefore, these results confirm the view that a transparency configuration that induces surface decomposition is necessary fl~r velocity decomposition.
EXPERIMENT 7: THE EFFECTS OF CONTINUOUS RANDOM DOTS ON VELOCITY AND SURFACE DECOMPOSITION
In all the experiments shown above, dot life time was short-lived. Is it necessary for velocity decomposition and surface decomposition that dots are short-lived? Experiment 7 examined whether velocity decomposition and surface decomposition occur with continuously presented dots.
The dots were continuously presented in the display, as shown in Fig. I(A) , with the same experimental procedure as in Experiment 1.
Results
The results show (1) that when the velocity in the central square was the vector sum of the velocities of the dots in the two "L"s, accuracy in choosing the physically true motion direction was 90% for KS and 80% for TM for 4.5 deg eccentricity and 100% for KS and TM for 0 eccentricity; (2) the accuracy was 100% for almost all the other motion directions with both 0 and 4.5 deg eccentricities; and (3) that the likelihood of perceiving one surface in the central square was 100% for KS and 90% for TM in the vector sum condition and 100% in the other motion directions for both KS and TM. That is, both velocity decomposition and surface decomposition occurred much less frequently when the dots were presented continuously.
GENERAL DISCUSSION
The results of Experiments 1-3 indicate that velocity decomposition most likely occurs when the velocity of the random dots in the central square is the vector sum of the velocities of the random dots in the two "L" shapes, that is, the vector sum of the apparently decomposed velocities. In Experiment 4, the motion condition necessary for velocity decomposition was also found to be necessary for surface decomposition. The results of Experiment 5 indicate that the condition necessary for surface decomposition is also necessary for velocity decomposition. Experiment 6 found that binocular disparity conditions that are not in accordance with surface decomposition also hinder velocity decomposition. Experiment 7 indicates that both velocity decomposition and surface decomposition occur much less frequently with continuously presented random dots than with short-lived random dots.
Interaction between motion and form
In order fl)r velocity decomposition to occur, the transparency configuration is necessary, for velocity decomposition does not occur in the occlusion configuration that does not induce surface decomposition. On the other hand, in order for surface decomposition to occur, the velocity of the dots in the central square must be close to the vector sum of the velocities in the two ++I,"s. These results suggest that there is a strong reciprocal interaction between motion and form processing to induce velocity and surface decomposition.
Why is such a reciprocal interaction necessary? One of the purposes of a reciprocal interaction between different processes may be to check if signals from one of these processes are not in contradiction with signals from another and, if they contradict each other, to modify these signals so as to make them consistent.
What is the mechanism for the reciprocal interaction between motion processing and form processing underlying velocity decomposition and surface decomposition? Remember that the vector sum condition and the transparency configuration have been found to be necessary to both velocity and surface decomposition. In the visual system, the internal representation for velocity decomposition may not be produced without the influence of surface decomposition, for velocity decomposition was not observed in the configurations that do not induce surface decomposition. On the other hand, the representation for surface decomposition may not be produced without influence of velocity decomposition, lk~r without velocity decomposition, the three different velocities in Fig. I(A) could facilitate segmentation into the three regions--the two "L"s and the central square. That is, neither a representation for velocity decomposition nor a representation for surface decomposition may be produced without each other. One possible way to solve this apparently insoluble problem is to assume that form processing and motion processing reciprocally interact in an iterative fashion and gradually change the representations in order to minimize inconsistencies between them. The initial velocity representation for Fig. I(A) should not overtly encode velocity decomposition, for the representation should be made based on the physically true velocities. Similarly, the initial form/ surface representation may not overtly encode surface decomposition. However, since these encodings are consistent with each other, the representations might be gradually and iteratively modified so that they have more and more salient expression for velocity and surface decomposition. Computational work has shown that such an iterative processing is a powerful tool in motion segmentation and optical flow computation (Jepson & Black, 1993; Wang & Adelson, 1994; Weiss & Adelson, 1995) .
Interactions between locally measured velocities
How is the expression for velocity decomposition produced from one physical motion direction in the central square? The results of Experiment 1 (Fig. 3) show that the stimulus motion directions of 22.5 and 67.5 deg in the central square tend to appear as 0 and 90 deg motion directions, respectively. That is, the motion direction in the central square tends to be "assimilated" to or "captured" by the closer of the motion directions in the two "L" shapes. This suggests that when the motion direction of the dots in the central square was 45 deg, locally measured velocity in the central square may be influenced by the 90 deg velocity of the dots in the upper "L" shape and the 0 deg velocity of the dots in the lower "L" shape to the same degree, as the amounts of direction difference between the 45 and 90 deg motions and between the 0 and 45 deg motions are the same (45 deg). This might cause the 45 deg motion to be somewhat assimilated into the 0 and 90 deg motions at the same time and result in the velocity representation including the expression for velocity decomposition. The information from form processing may enhance the expression for velocity decomposition in the velocity representation. This modified velocity representation may in turn enhance the expression for surface decomposition in the surface representation, and so on.
At what level of visual information processing does the assimilation occur? There are at least two possibilities. One possibility is that it occurs at the level of integration/ interaction between locally measured velocities. It has been found that there is a cooperative interaction between local motion units underlying some motion assimilation (Nawrot & Sekuler, 1990; Watanabe & Cole, 1995) . As stated in the Introduction, recent physiological findings suggest that interactions between locally measured velocities occur at MT (Snowden et al., 1991; Movshon et al., 1985) . Thus, the assimilation might occur at MT.
The second possibility is that the assimilation occurs at the local velocity space level. It has been suggested that in the early stages of motion processing, motion information is extracted by a system that responds to spatio-temporal energy (Adelson & Bergen, 1985; Van Santen & Sperling, 1985) . Short-lived dots contain scattered energy in the spatio-temporal space. Thus, *Another possible reason is that a virtual contour is formed where gratings abut each other. This contour gives a strong form cue that may prevent surface decomposition.
short-lived dots in the two "L"s produce two fuzzy blobs in velocity space and these blobs might overlap and thus assimilate or capture the blob in the central square which are also fuzzy. This explanation is in accord with the experimental results that velocity decomposition occurs with short-lived dots, but not with continuous dots. When continuous dots are used, blobs are so tight that assimilation or capture does not occur. The local velocity measurement may occur in V1 (Movshon et al., 1985; Snowden et al., 1991) .
Effects of attentionally tracking dots on velocity decomposition and surface decomposition
Are there any other conditions necessary for velocity decomposition and surface decomposition? Attentionally tracking the dots in the central square seems to weaken velocity decomposition and surface decomposition to a considerable degree.
First, in all of the experiments described above, velocity decomposition and surface decomposition occurred less frequently when the fixation point was presented in the center than when presented more peripherally. This may be because it is easier to attentionally track the dots in the central square when the center of the display was fixated.
Second, an additional experiment was conducted with three sinusoidally modulated luminance gratings moving at 0, 90 and 45 deg in the lower "L", the upper "L", and the central square, respectively. None of 10 naive subjects observed either velocity decomposition or surface decomposition. The reason why decomposition does not occur with sinusoidal gratings but does with short-lived random dots may be partially due to the fact that a peak and/or a trough of a luminance grating can be more easily tracked attentionally than short-lived random dots, which do not have such salient features to track,* Third, the results of Experiment 7 indicate that continuous random dots reduce the occurrence of velocity decomposition and surface decomposition to a great degree. In addition to the possibility of the scattered spatio-temporal energy mentioned above, this might be because it is easier to attentionally track the continuous dots than the short-lived dots.
Motion transparency and velocity decomposition
What is the difference between motion transparency and velocity decomposition? As mentioned above, two kinds of motion transparency have been reported. One consists of two sliding gratings (Adelson & Movshon, 1982; Krauskopf & Farell, 1990; Stoner et al., 1990) . The other kind of motion transparency is observed with two sets of random clots moving in different directions (Snowden et al., 1991) . In both motion transparency cases, motion transparency occurs maybe because velocities measured locally in the first stage of motion processing are not entirely integrated in the second integration stage possibly located in MT (Adelson & Movshon, 1982; Movshon et al., 1985; Nakayama, 1985) . In contrast, velocity decomposition cannot be explained as a mere failure to integrate locally measured motions. It may be necessary to consider reciprocal interactions between motion and form processing.
Relation between Johanson's vector analysis and velocity decomposition
Velocity decomposition, as observed in this study, might be related to Johanson's (1975) theory of perceptual vector analysis. He demonstrated that when several dots are moving at different velocities, the dots did not appear to move at their true velocities. Rather, each dot appeared to move at a velocity that was relative to the common background velocity. For example, if a dot moving in the upper-rightward physical direction was flanked by two dots moving upward, the flanked dot appeared to move rightward in a common frame that itself was moving upwards. The visual system seems to subtract the common velocity as a reference frame from the velocity of every individual dot. Vector analysis and velocity decomposition are similar in that true physical velocity appears to be decomposed into its component velocities.
There are, however, important differences between velocity decomposition and vector analysis. First, in velocity decomposition, the decomposed component velocities are seen at the same time. In vector analysis, it is difficult to perceive the common velocity and the related individual velocities at the same time. Second, the effects to demonstrate the vector analysis are strongest under conditions that favor tracking. In contrast, velocity decomposition hardly occurs under these conditions. Finally, velocity decomposition occurs only when the surface is also decomposed. In vector analysis, this is not the case. Thus, these apparently similar phenomena might work to accomplish different goals. Johanson's vector analysis may be related to reconstruction of the true velocity of an object. When both an object and the observer are moving, the velocity of the object moving across the retina is represented as a vector sum of the real velocity of the object and the velocity of the moving background whose direction is opposite to the velocity of the moving observer. In order to reconstruct the real velocity of the moving object, the retinal velocity of the objects must be decomposed into the velocity of the moving background caused by the observer's motion and the velocity of the moving object. On the other hand, velocity decomposition might reveal a function of the visual system of making representations from different processes consistent. When two surfaces need to be decomposed into two depth planes at the same locations, a single velocity must be decomposed into two component velocities so that an appropriate component velocity is seen on each surface. transparency (Anderson, 1997; Metelli, 1974; Beck, 1986; Watanabe & Cavanagh, 1993) . In this case, the luminance of the overlapping area is decomposed into the two brightness values that are the same or very similar to those of the "L" shapes.
In relating luminance transparency to motion processing, Stoner et al. (1990) varied the luminance of the intersections of the moving "plaid" pattern made of two gratings (Adelson & Movshon, 1982) . They found that when the luminance combination of the intersections, gratings and the background was valid for luminance transparency, apparent sliding of the two gratings was observed, whereas the invalid luminance combination for transparency did not induce such sliding.
In order to examine the effect of luminance transparency on velocity decomposition and surface decomposition, an observation-based experiment was conducted. The luminances of the dots in the central square and the background in Fig. I(A) were constant 24.0 and 0.5 cd/m 2, respectively, while the luminance of the dots in the "L"s was varied; 12.0, 24.0 or 36.0 cd/m 2. When the luminance of the dots in the "L" shapes was 12.0 cd/m 2, the combination of the mean luminances of the central square and the "L"s and the background was valid for luminance transparency. When it was 36.0 cd/m 2, the combination of average luminances of these regions was invalid for transparency. All of the six subjects reported that velocity decomposition and surface decomposition were considerably weaker in both the valid and invalid mean luminance conditions than when the luminance of the dots in the central square was identical to that in the "L"s (24.0 cd/m2).
Considering the result, it might be argued that the process for luminance transparency does not interact with velocity decomposition. However, it would be premature to draw this conclusion for the following reason. No subjects reported that luminance transparency (decomposition of brightness) occurred in the central square in any of the three conditions. This suggests that the mean luminance combination valid for transparency does not induce transparency if only the luminances of the dots in these regions are changed while the background luminance is kept the same. On the other hand, the difference in the mean luminances between these regions due to the difference in the dot luminance formed salient borders between them, whether or not the mean luminance combination was valid for transparency. These borders may have hindered velocity decomposition. That may be why velocity decomposition became weaker when the luminance of the dots in the central square is different from that in the "L"s. Further research is necessary to clarify the relation between velocity decomposition and luminance transparency.
Interaction between motion processing and luminance processing ?
It is known that luminance transparency occurs in the same configuration as in Fig. 1 , with a luminance combination that mimics the physics of luminance
CONCLUSION
The present study introduces a novel phenomenon called velocity decomposition, which is used as a tool to probe motion and form processing. Several experiments were conducted. Both the velocity decomposition and the surface decomposition were found to be strongest when the velocity of the overlapping area was the vector sum of the velocities of random dots in adjacent non-overlapping areas. In addition, neither velocity decomposition nor surface decomposition was found either when random dot arrays were put in occlusion configurations or when continuous random dots were used. Whereas previous studies have indicated a one-way influence, either from motion to form processing or from the segmentation to motion processing, the high coincidence between velocity and surface decomposition seen here suggests strong reciprocal interactions between motion and form processing (see also Anderson & Shinha, 1997) . These reciprocal interactions might occur in an iterative fashion.
